Pigments produced by Escherichia coli containing a cloned piece of DNA frorn'Rh&coccus sp. ATCC 21 145 were extracted in chloroform and separated into blue and pink components. Evidence from TLC, NMR spectroscopy, absorption spectrum analysis and solubility behaviour suggested that the blue pigment was indigo and the pink pigment was indirubin, a structural isomer of indigo. The proposed pathway for pigment production on LB agar involves the conversion of tryptophan to indole by tryptophanase of E coli and the oxidation of indole to indigo by the product of the cloned Rhodococcus DNA insert.
Introduction
We previously reported the cloning and sequence determination of a Rhodococcus gene which stimulated the production of pink and blue water-insoluble pigments in Escherichia coli (Hill et al., 1989; Hart et al., 1990) . Pigment production depends on a single open reading frame of 1163 bp with the coding capacity for a protein with an M , value of 42560 which could be visualized in an in vitro transcription-translation experiment. Database searches revealed no protein or DNA sequences with pronounced similarity to the cloned Rhodococcus gene. This study identifies the blue and pink pigments as indigo and indirubin, respectively. Both pigments are derived from indole. No indigo production could be detected in Rhodococcus. The 'indigo gene' has been utilized in the construction of an attractive alternative to IacZ'a-based cloning vectors because it does not require specifically mutated host strains or an expensive substrate for colour development (Hart & Woods, 1992) .
Methods
Bacterial strains, plasmids and media. The bacterial strains used in these studies, listed in Table 1 , were routinely propagated on LB agar (Maniatis et al., 1982) . Minimal medium (MM) (Miller, 1972) contained 0.2 mg lactose ml-l (lac). Tryptophan and indole (Sigma) were added to media at a final concentration of 1 mM, and ampicillin (Ap) at 100 mg ml-l.
~
Abbreciations ; Ap, ampicillin ; DMSO-d,, deuterated DMSO [(CDJ,SO] ; lac, lactose; MM, minimal medium; Pig, pigment production. Vieira & Messing (1982) Identification of pigment producing clones. Blue to blue-grey pigmentproducing E. coli colonies were observed after overnight incubation at 37 "C followed by 8-24 h incubation at room temperature.
Pigment preparation. Pigments were extracted in chloroform as described by Hill et al. (1989) .
TLC.
Preparative TLC was performed to purify the pigment components from crude chloroform extracts using chloroform as the chromatographic solvent. Samples of the pigmented chloroform extract were applied repeatedly across the width of the plate (Merck cat. no. 5717, PLC silica gel 60 FZs4, 20 cm x 20 cm, 2 mm thick). Each application was allowed to dry completely before the next one was applied. The chromatographs were resolved by standing the plates in a glass chromatographic tank containing a saturated atmosphere of chloroform and a small volume of chloroform so that the solvent was in contact with the silica stationary phase. The crude pigment extract separated into pink-and blue-pigmented bands within 40 min. After drying the plates, the silica containing the pigment bands was cut and scraped from the TLC plate, crushed to a fine powder and poured into a glass bottle containing chloroform. The silica slurry containing the 0001-6975 O 1992 SGM pigments was shaken vigorously for 1 h to allow the pigments to elute into the chloroform. The silica was removed by filtration in a Buchner funnel, washed with fresh chloroform and the purified pigment concentrated by evaporation of the combined chloroform washings. Purified pigment fractions were dissolved in DMSO-d, for analysis by NMR spectroscopy.
Analytical TLC was performed on silica plates (Merck cat. no. 16485, silica gel 60 FZs4, 20 cm x 20 cm, 0.25 mm thick). Samples were applied as small spots along a reference line and commercial indigo (Sigma) in chloroform (0.5 mg ml-I) was used as a control. NMR spectroscopy. 'H and 13C spectra were obtained at 200 and 50.32 MHz, respectively, using a Varian VXR-200 spectrometer at 25 "C. The pigments were dissolved in DMSO-d,.
Absorption spectra of the pigments. The visible light absorption spectra (400-800 nm) of TLC-purified and unpurified bacterial pigment samples and an indigo control sample were determined by scanning in a Beckman DU-40 spectrophotometer attached to an Epson FX-80 printer.
Solubility of the pigments. Freshly prepared bacterial pigment extracts in chloroform were evaporated until dry, resuspended in a range of organic solvents (acetone, chloroform, 1,2-dichloroethane, DMSO, ethanol, ethyl acetate, ethylmethylketone, glacial acetic acid, methanol, octane, toluene and xylene) and their solubility and appearance compared to that of commercial indigo.
Transformation of E. coli strains. The E. coli tryptophanase-negative strain MY 1393 and its wild-type parent strain MY252 (Table 1) were both transformed with plasmids pNC 185 and pUC 18 by the method of Chung & Miller (1988) .
RNA dot blot analysis. RNA was extracted from E. coli and Rhodococcus strains by the method of Alba et al. (1981) . RNA dot blots were performed on Hybond-N nylon membranes according to the manufacturer's instructions ('Blotting and hybridization protocols for Hybond membranes', Amersham). RNA from E. coli LK 1 1 1 containing pUC18 and pNC181, Rhodococcus sp. ATCC 21145 and Rhodococcus sp. JLlO was heated to 90 "C for 2 min, cooled on ice and applied in spots containing 2, 5 and 10 mg RNA onto Hybond-N (Amersham) nylon membrane which was sealed in a vacuum dotblotting apparatus. The nylon membrane was then dried and fixed on a UV trans-illuminator as described by the manufacturer (Amersham).
Two probes, the whole pUCl8 plasmid and the HindIIIIBgnI DNA fragment of the Rhodococcus insert from the pigment-producing plasmid pKSl (Hart et al., 1990) were radioactively labelled using a nick translation kit following the manufacturer's instructions (N .500, Amersham). The probes were labelled with [ G~-~* P ]~C T P with a specific activity of 3000 Ci mmol-1 (Amersham). Hybridization was carried out at 65 "C for 12 h and the filters were washed under stringent conditions following the manufacturer's instructions (Amersham). Membranes were dried and exposed to X-ray film (Curix, Agfa) for 18-24 h.
Minimal media supplemen tat ion
Colonies of E. coli 3.300(pNC 185) produced copious amounts of blue pigment on LB Ap agar plates but were unpigmented on MM Ap lac plates. Addition of L-tryptophan or indole to the MM Ap lac plates resulted in copious blue pigment formation. Other amino acids
sine or D,L-valine) supported growth of both E. coli strains but all colonies were white. E. coli 3.300(pNC185) and 3.300(pUC18) were grown on MM lac Ap plates containing 1 mM-indole but only E. coli 3.300(pNC185) produced blue pigment which suggested that both indole and pNC185 are required for pigment formation. These results suggested that the blue pigment may be derived from indole, a metabolite of tryptophan, which is known to have many pigmented derivatives (Ensley et al., 1982) . E. coli converts tryptophan to indole by the action of tryptophanase (Botsford & DeMoss, 1971; Ward & Yudkin, 1976) .
Transformation of a tryptophanase-negative strain of E. coli E. coli MY1393 (AtrpAC9, tnal03) has a growth requirement for tryptophan but does not produce tryptophanase and therefore cannot produce indole from tryptophan, whereas the parent strain, MY252 (AtrpAC9, tna+) only has the tryptopban growth requirement and is wild-type with regard to tryptophanase activity. It was expected that if indole was required for pigment biosynthesis that the tna-mutant strain, MY1393, transformed with pNC185 would be nonpigmented whereas MY252(tna+)(pNC 185) would be pigmented. The phenotype of each strain was checked by attempting to grow the strains on MM agar containing tryptophan as the sole carbon and energy source, for which tryptophanase is required. Only strain MY252 (tna+) was able to grow under these conditions. Competent cells of both strains were prepared and transformed with plasmids pUC18 and pNC185. Transformants were selected on LB Ap agar and tested for pigment production. As expected, strain MIY 1393 (tna-) transformed with both pUC18 and pNC185 was nonpigmented as was MY252 (tna+) containing pUC18. Strain MY252 transformed with pNC 185, however, produced blue-pigmented colonies. This result suggested that tryptophanase was important for pigment production from tryptophan. E. coli MY 1393(pNC 185) grown on LB Ap agar plates containing 1 mM-indole gave a low level of pigment production [much less than obtained from E. coli MY252(pNC 1 85)] confirming that indole is a precursor for pigment formation.
Rhodococcus growth experiments
Rhodococcus sp. ATCC 2 1 145 and Rhodococcus sp. JL 10 grown on LB agar, LB agar containing 1 mM-indole and 1 mM-tryptophan or in LB broth containing 1 mM-indole did not produce blue pigment within 5 d incubation at 30 "C. 
RNA dot blot analysis
The aim of this experiment was to establish whether or not the Rhodococcus gene contained within the pigmentproducing DNA insert in E. coli plasmids such as pNC 185 was being expressed in the original Rhodococcus sp. since it did not produce detectable amounts of the blue pigment. The positive control probe, the plasmid pUC18, hybridized strongly with RNA from E. coli LK 1 1 1 (pUC18) (Fig. 1) . The negative control, the HindIIIIBglII fragment from the Rhodococcus DNA insert in pKS1, failed to hybridize with the same RNA. The RNA from E. coli LK 11 l(pNC181) hybridized strongly with the HindIIIIBglII Rhodococcus DNA fragment, as expected. RNA from Rhodococcus sp. ATCC 21 145 hybridized weakly with the HindIIIIBglII fragment whereas RNA from another Rhodococcus strain, Rhodococcus sp. JL 10, showed no hybridization signal at all with the same probe under stringent hybridization and washing conditions. These results suggested that the same DNA insert which was transcribed and caused pigmentation in recombinant E. coli was also transcribed in Rhodococcus sp. ATCC 21 145 but did not enable detectable pigment formation in this bacterium.
TLC
Samples of pigmented bacterial chloroform extracts were analysed by TLC and compared with a sample of authentic indigo in chloroform. The bacterial pigment separated into a faster moving blue component and a slower moving pink component.
The indigo sample contained a predominant blue component with the same mobility as the blue component of the bacterial pigment extract (RF = 0.21) and a very faint pink component with the same mobility as the pink bacterial pigment (RF = 0.07). It was observed that in freshly prepared bacterial pigment extracts the blue component was predominant but in older extracts the pink fraction increased in concentration relative to the blue fraction. The chromophores were not interconvertible but the blue chromophore changed into the pink form and not vice versa.
Pigment a bsort ion spectra
The absorption spectra of pigment solutions in chloroform purified by preparative TLC were determined. The blue pigment had an absorption peak at 602 nm whereas the pink pigment absorbed light most strongly at 552 nm. The absorption spectrum of a chloroform solution of indigo was similar to that of the blue bacterial pigment and also had an absorption peak at 602nm. The absorption spectrum of a freshly extracted, pigmented chloroform solution which had not been separated by TLC, had a major absorption peak at 602nm with a shoulder in the peak at 560 nm which was presumably caused by the combination of the pink and blue pigments in the same solution. The unpurified pigment extract was allowed to stand at room temperature overnight for about 16 h after which time the pigment extract had taken on more of a purplish hue. An absorption spectrum showed that the predominant absorption peak had shifted to 552nm and a shoulder was apparent at 600nm. This observation suggested that the blue pigment was slowly being converted into the pink pigment on standing in the crude bacterial chloroform extract .
The TLC-purified pink and blue pigments appeared to be stable in chloroform. An authentic sample of indigo was dissolved in a non-pigmented chloroform extract of E. coli LK 1 1 1 (pUC 18) and left at room temperature for 16 h. However, no change was seen in the absorption spectrum of the indigo solution.
These results suggested that the blue bacterial pigment may be indigo or an indigo-related compound and that the pink pigment was chemically related to the blue pigment.
Solubility behaviour of the pigments
A freshly prepared, pigmented chloroform extract from E. coli LKlll(pNC185) grown in LB broth was evaporated and redissolved at room temperature in a range of solvents. The pigment was insoluble in water, ethanol, methanol and octane, slightly soluble with a reddish colour in both xylene and toluene, and very p.p.m.
removed by selective saturation.
soluble in acetone (reddish blue solution), chloroform (purple solution), 1,2-dichloroethane (red solution), ethylmethylketone (reddish blue solution) and glacial acetic acid (reddish blue solution). The solvent in which the pigment was most soluble was the highly polar organic solvent DMSO which dissolved the pigment to give a deep azure-blue solution. Indigo had similar solubility properties although the colours of the bacterial pigment solutions were more red in solvents such as acetone, possibly due to the greater proportion of pink pigment in the unpurified bacterial pigment extract than in commercial indigo. Adjustment of the pH had no affect on the colour of purified blue and pink pigments.
N M R spectroscopy
A 200 MHz 'H NMR spectrum of the blue pigment (purified by TLC) in DMSO-d, is shown in Fig. 2 . It is clear that a substantial amount of aliphatic material is associated with this pigment, despite chromatographic purification of this substance. This suggests that the blue chromophore is either chemically attached to the aliphatic material or the blue pigment is a complex conjugate of the chromophore and the aliphatic material. Nevertheless, the expanded region of the H spectrum of the blue pigment is consistent with the proposition that the blue pigment is an indole-based pigment, presumably indigo (Fig. 3 ). This conclusion is based on the indoletype N-H resonance at 10.45 p. directly associated with the blue chromophore. Surprisingly, it was not possible to obtain a ' H spectrum of authentic indigo (Sigma) in DMSO-d,. A11 attempts in this regard failed, the resonances being extremely broadened, presumably by some paramagnetic species associated with the authentic sample of indigo. It is possible that the intense colour of the authentic indigo may be associated with a stable free radical, a question deserving further investigation. Unfortunately, attempts to obtain a I3C N M R spectrum of the blue pigment was rewarded only by a very poor spectrum partly due to the low concentration of the pigment (3-5 mg ml-l), as well as the apparent instability of the pigment during spectral acquisition. No conclusions could be drawn from this spectrum.
The solution of blue pigment in DMSO-d, changes to a pink colour relatively rapidly, with the result that during spectral acquisition these changes complicate the H and 13C NMR spectra. Nevertheless, a ' H spectrum of the pink pigment is substantially different from that of the blue pigment, the spectrum of the former usually showing some contamination with the blue chromophore, as may be seen in Fig. 4 . The 'H spectrum of the pink pigment has two equally intense indole-type N-H resonances at 10.82 and 10-98 p.p.m. (not shown in Fig.  4) in addition to at least three sets of triplets and four sets of doublets. Although this spectrum does not have a simple first order structure, the spectrum is consistent with a possibility that the pink pigment may be indirubin, a structural isomer of indigo (Fig. 3) . It should be noted that indirubin may itself consist of at least two isomers, so potentially complicating the H spectrum. An unambiguous assignment is not possible with the present data.
In view of the relatively high stability of the pink form of the pigment, a 3C NMR spectrum could be recorded showing at least ten carbon resonances in the 100-170 p.p.m. range, seven of which have an H atom attached. Although the quality of the 13C spectrum was not sufficient for a complete assignment, these preliminary results are consistent with the proposed structure of the pink chromophore probably being indirubin.
Discussion
It is proposed that the blue component of a pigment produced by E. coli containing a cloned Rhodococcus gene is indigo and that the pink component is indirubin, an isomer of indigo. The biosynthetic pathway probably involves the enzymic conversion of tryptophan to indole by tryptophanase of E. coli, followed by the oxidation of indole by the product of the cloned Rhodococcus gene in E. coli. Evidence for this hypothesis consisted of the following observations. (1) Tryptophan and indole were shown to be precursor substrates for pigment production by E. coli containing pigment-producing plasmids on minimal medium. This suggested that indigo was being produced by the pathway suggested by Ensley et al. (1982) in which tryptophan was converted to indole by the constitutively expressed tryptophanase gene, tna, of E. coli and indole was then oxidized by the cloned gene product, naphthalene dioxygenase, to indoxyl which underwent autoxidation in air to indigo. The conversion of tryptophan to indole by E. coli was demonstrated to be a step in the pathway to pigment production by transformation of pNC 185 (Pig+) into a tryptophanase-negative E. coli strain which failed to produce pigments. (2) A tryptophanase-negative E. coli strain, MY 1393, which was unable to produce indole from tryptophan, was non-pigmented when transformed with the pigment-producing plasmid pNC185. (3) The blue pigment and indigo had identical RF values in TLC experiments. The pink pigments observed in the TLC-separated indigo solution and in the bacterial extracts also had the same mobilities. (4) The purified blue bacterial pigment had an identical visible absorption spectrum to indigo. (5) The solubility characteristics of the unpurified bacterial pigment and indigo were very similar in a wide range of different solvents. (6) Proton NMR spectroscopy suggested that both the blue and pink pigments were based on indole, and resonance patterns were compatible with the structures of indigo and indirubin for the blue and pink bacterial pigments respectively. The formation of indigo by Rhodococcus sp. ATCC 21 145 was not demonstrated under the defined conditions although the RNA dot blot analysis suggested that the pigment-forming gene was being transcribed in Rhodococcus. This may be due to the low level of activity of the gene at the single-copy level or possibly due to the S . Hart, K . R. Koch and D . R . Woods rapid transformation of the pigment into another product by Rhodococcus enzymes, preventing accumulation of the pigment.
Indigo production by E. coli containing cloned genes from Pseudomonas spp. has been used as an indicator for expressed aromatic dioxygenase genes from a wide variety of pathways (Eaton & Timmis, 1986 ; Ensley et a/., 1982; Irie et af., 1987; Tan & Mason, 1990 ; Zylstra et a/., 1988), although none of these authors reported the observation of pink as well as blue components in the bacterial pigment. The production of indigo suggests that the enzyme encoded by the pigment-producing Rhodococcus gene was an aromatic dioxygenase. These enzymes are important components of pathways in the degradation of aromatic, xenobiotic compounds and in the biosynthesis of useful products, such as salicylic acid from naphthalene (Ensley et af., 1982) . Rhodococcus spp. display great metabolic diversity and are capable of degrading a wide range of aromatic compounds although the exploitation of their potential applications in this area has hardly begun. The ability to produce indigo may be a useful tool in the search for other Rhodococcus genes encoding aromatic dioxygenases, or even whole operons. The function and substrate range of this proposed aromatic dioxygenase from Rhodococcus sp. ATCC 21 145, which causes indigo production in E. coli, has not yet been established although it was described in a patent (Raymond, 1971) for the production of hydroxyphenylketobutyric acids by the microbial oxidation of naphthalene.
